Abstract-The installation of photovoltaic power plants and integration with electric grid has become more widespread. As there is a significant increase in the size and capacity of gridconnected power plants, the stability and reliability of the grid become more important. A 1.5 MW PV station connected to the distribution side of the Malaysian grid via a voltage source inverter is modeled and simulated using Matlab/Simulink. This study presents the modeling of PV module behavior and characteristics based on the mathematical model equivalent circuit. The Simulink was run to simulate PV array sizing depending on perturb and observed maximum power point technique to enhance the efficiency of modules, and obtain maximum available power using variable perturbation step size dependent on power changes. The simulation result was matched to the results of sizing calculation. The inverter control system modeling and park transformation were carried out. Phase locked loop was used to track the grid frequency and voltage. The Malaysian grid-connected PV system is designed and modeled according to the regulations and guidelines of Tenaga Nasional Berhad concerning grid-integration of PV power generation system to LV and MV networks. Finally, this paper analyzes the dynamic response of the proposed PV plant under various types of symmetrical and non-symmetrical grid faults. The results indicated that the short circuit faults in the distribution grid side had disturbing effects on the optimal operation performance of PV systems. Whereas, the influence of grid faults depends on the fault type. In addition to that, the simulation result proved that the symmetrical fault has higher impact on PV system operation than non-symmetrical faults.
INTRODUCTION
Over the past few years, the distribution generation (DG), e.g. fuel cell, wind energy, and PV system, has been significantly connected to the distribution network [1] . The PV system is considered as one of the most important DG due to the bulk photovoltaic power plants (PVPPs) that are installed and interfaced to utility grid, mainly at low and medium voltage levels of distribution system. Today, there are thousands of photovoltaic power plants integrated with power grid in many regions and countries. The increase in use and the significance of PVPP are because it is uncontaminated, has less impact on the environment, freely available , less maintenance requirement as compared to other resources, noiseless, and easy to expand. Therefore, the total installed capacity of photovoltaic generation of electrical energy has increased dramatically from 40 to 177GW between 2010 and 2014, respectively [2, 3] .
As the number and size of grid-connected power plants increase, the stability, reliability, and power quality deteriorate [4, 5] . Additionally, as PVPP capacity increases, the load served by these plants increases as well. Therefore, more investigations are required to study and understand the effects of PV-grid integration in order to keep the system secure and stable. As a consequence, the grid code (GC) applied to traditional power plants integrated with power system has been improved due to the continuous changes and new technical requirements such as reactive current injection during the fault in addition to fault ride-through (FRT) capability. FRT is the PV inverters' capability to remain connected to the grid in the event of voltage sag or disturbance due to faults in grid like not supplying any active power during the fault, and delivering active power directly after clearing the fault, thus stabilizing the grid. These new regulations have been newly absorbed to the GCs for largescale PV plant integration in some countries such as Germany, Italy, US and Spain [3, 6, 7] .
Power electronic inverter play an important role in gridinterconnection PV system as inverters need to align with power conversion and control optimization [8] . In general, grid connected pulse width modulation (PWM) voltage source inverters are commonly used in PV system, which at least have two capacities due to the special components of PV modules. Firstly, the DC-link voltage of the inverter is balanced to a particular value because the yield voltage of PV panels fluctuates with weather condition in addition to the impact of MPPT. Secondly, the energy should be fed from the PV panels into the utility network by modifying the DC current into a sinusoidal waveform synchronized with utility grid [9] . Malaysia is considered as one of the countries that have reliable and stable electrical grid. On the other hand, the weather condition in Malaysia makes solar energy a very suitable source to generate electricity as the country receives high radiation level throughout the year due to its tropical climate [3] . Additionally, the Malaysian government has started to support green energy and is working on increasing the total generation capacity from solar energy plane after plane due to the high cost of electricity and CO 2 emissions resulting from coal and fuel plant operation. The CO 2 emission is expected to reach about 100 million ton by 2020 just from coal-fired plant alone [10] . The Eleventh Malaysian Plan (2015-2020) aims to generate around 2080 MW using renewable energy sources, and the PV generation contribution is expected to reach to 187 MW by 2020 [11] . As a result of this growing interest in PVPP energy, Tenaga Nasional Berhad (TNB) that serves as one of the main authorities in electricity supply operation in Peninsular Malaysia has issued a guideline (TNB Technical Guidebook on Gridinterconnection of Photovoltaic Power Generation) to regulate the PV penetration to electrical grid [12] . This paper starts with short modelling of the solar module and photovoltaic farm (PVF) connected to Malaysian grid in accordance with TNB specifications as stated in [12] . The aim of this paper is to analyze the dynamic response of the threephase photovoltaic system through symmetrical and nonsymmetrical faults in order to test the dynamics of PV system. The performance of 'MP' PV plant with 1.5 MW, which is connected to the TNB electric power grid at medium voltage (MV) distribution system, is modeled by using Matlab/Simulink platform according to Figs. 1 and 6. The 'MP' indicates the name of the area where the PVF is installed. Finally, the simulation is run for different cases according to the fault's type, and the dynamics of the PV system is discussed for the fault in power system. Fig. 2 shows an equivalent circuit of the PV module which consist of several PV cells. It includes a current source that generates photo current depending on the irradiation, a big diode equivalent to the p-n transition area of the solar cell, the voltage losses represented by series, and parallel resistance describing the leakage current. The output current and voltage relationship of PV module can be expressed using the following equations [4, 13] :
II. THE PV ARRAY SIZING AND MODELING

A. Mathematical model
where (2):
The diode current can be expressed as follows [14, 15] :
By substituting equations (3) and (5) in (1), the load current can be written as the flowing equation below:
where I Ph , I D , I P and Is at are the photo current, diode current of the PV cell, shunt current, and the reverse saturation current of the solar module, respectively. Ns is the number of cells connected in series, V T is the thermal voltage and equals to 25.7V at 25C° (298K) and m is the ideality factor of the diode
. K is the Boltzmann constant (1.381×10 -23 J/K) and q is the charge of the electron (1.6021×10 -19 C). R S and R P are the equivalent series and parallel resistance of the solar module, respectively. I Ph is affected by sun irradiance and temperature. The influences of these two factors can be expressed by the following equation [16] :
I Ph represents the photo current at nominal PV standard tests condition (STC, normally 25°C and 1000 W/m 2 ) for temperature and irradiation which are modeled as shown in Fig. 3(b) . I sc is the nominal short circuit current of the module. G and G ref are the amount of actual and nominal irradiation, respectively. T is the temperature degree in kelvin (K) and i is the current temperature coefficient. The I sat and I sc can be obtained according to the following equations [13] . 
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B. Model Verification
Based on the mathematical model described in the previous sections, the Matlab/SIMULINK model shown in Fig. 3 is developed and achieved using the parameters of a real PV panel (SunPower SPR-415E-WHT-D manufactured by SunPower Company) which was selected to be used in this design due to its specifications (see Table 1 ).
The results are illustrated by I-V and P-V curves shown in Fig. 4 , which are generated and matched with the module data specification illustrated in Table 1 . This match between the module datasheet and Simulink modulation result demonstrates the accuracy of the mathematical modeling. 
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C. PV array Sizing of the PVPP
In order to accomplish the proposed 'MP' PV plant sizing which is designed to generate a peak power of 1500 kW, the needed numbers of modules can be obtained by dividing maximum rated power by P max of the panel, so: The number of modules is 1.5×10 6 /415 = 3618 module.
The system DC-link is rated at 650 VDC, while the number of necessary PV modules in series (N pvs ) obtained is N pvs = V nom /V mpp = 650/72.9 = 9 modules. The number of strings can also be obtained by dividing the number of PV modules in series, which is 3618/9 = 402 string. Thus, to generate this amount of power at STC, 3618 modules with maximum power of 415 W have been selected and distributed as 9 series modules and 402 parallel strings. [17] . Therefore, the actual maximum PV array voltage is V mpv = 9×72.9 = 656.1 VDC, and actual maximum PV array current I mpv is 5.69×402 = 2287. 5 illustrates the simulation result of the DC side (PV array & MPPT) V mpv , I mpv , and P mpp using a Simulink. By comparing the theoretical calculations and Simulink result, it is observed that the sizing calculation results match the simulation result which is illustrated in Fig.5 . 
III. THE MALAYSIAN DISTRIBUTION SYSTEM: A CASE STUDY
The distribution system according to Malaysian grid specification [18] is the system of electrical lines with voltage less than 66 kV and the MV is defined as the voltage equal to or above 1 kV but not exceeding 50 kV [12] . The main area of TNB distribution system which was examined in this study was 'A-S/S-Z-D/L' at grid medium voltage (33 kV) [19] interconnected to 'MP' PV farm where, A and Z represents the names of the area in Malaysia, whereas S/S and D/L indicates the substation and the distribution line, respectively.
On the medium voltage side of the distribution grid, there are incoming feeders from the PVPP to the distribution system via the set up transformer (0.4kV/33kV) and two feeders are going to supply a series of main distribution substation (MDS) or loads. The main step down substation connected to the network at 132 kV is called main intake substation and this substation has other set up voltage transformation (45 MVA) from 33 kV to high voltage side (132 kV) as shown in Fig. 6 .
IV. MODELING OF THE GRID-CONNECTED THREE-PHASE PHOTOVOLTAIC SYSTEM
In order to analyze the dynamics of PV system under power faults, a three-phase grid connected PV plant (GCPP) consisting of 1500 kW PV array linked to 33 kV distribution system must be discussed first. The PV array is modeled by taking the number of PV panels in series and parallel into consideration in addition to the effect of radiation and temperature levels as described in section above. Among numerous MPPT techniques [20] , the P&O MPPT technique [21] without boosting stage is used in this design due to its simplicity in order to extract maximum available power from the PV array. The DC-link had been designed with 650 V to reduce the output current ripple and regulate the voltage at the DC side of the inverter [22] . The inverter has the same nominal voltage of the DC-link and should be compatible with the array current and voltage to withstand its maximum values since the V oc of the array (767.7 V) is within inverter voltage range [12] . The voltage source inverter (PWM and control) are synchronized to the distribution network voltage through phase-locked loop (PLL). Fig. 8 below explains the basic control structure of a three-phase grid-connected PV inverter with synchronous rotating frame control. Step Up TR Synchronous rotating frame control structure(dq-control) Transformation model The PVPP shown in Fig. 6 is built according to the specifications imposed by [12] and interconnected to the MV side of the Malaysian grid. The PV array output is linked to the grid via a self-commutated central inverter (VSI) as stipulated in [12] . The DC-link voltage for this type of inverter should be in the range of (550 V-850 V) [23] therefore, the selected voltage in this design is 650 V. The DC-link capacitor is placed between the array terminals and the central voltage source inverter which is controlled by three-phase VSI utilizing two control loops; an external loop used to regulate the DC-link voltage of the split capacitors C 1 and C 2 into ± 325 V, and an internal loop regulates the grid active and reactive current I d and I q , respectively. The PLL is used to lock the grid frequency and support the reference synchronization signal for a VSI control system [24, 25] , as observed in Fig. 8 .
V. DYNAMICS OF THE PVPP AT DIFFERENT TYPES OF FAULT CONDITIONS
In order to analyze the dynamics of 'MP' PV power plant during fault on the utility power grid, the Simulink model is run under normal conditions (G=1000W/m 2 and T=25°C) with different fault types, i.e., single line to ground (SLG) fault, line to line (LL) fault, line to line to ground (LLG) fault, and symmetrical three-phase (3-ph) fault at the distribution system side. The fault duration is 0.1s which occurred between 0.15s and 0.25s, and the fault resistance is equal to 1 . The total simulation is done within 0.4 seconds. The main simulation results are listed in Table 2 and shown in the figures from 9 till 13.
Figs. 9-12 depicts the response and behavior comparison of the three-phase photovoltaic system operation connected to the medium voltage (distribution levels) during different types of faults such as non-symmetrical short circuit grid fault (unbalanced fault) and symmetrical grid faults (three-phase fault) in which the four different faults are discussed under the same conditions and time duration when the fault was applied on the grid side. Figs. 9, 10 and 11 depict the PVPP operations when applying the unsymmetrical faults such as SLG fault on phase A with ground, LL fault between phase A and B, and LLG fault on phase A and B in addition to the ground, in the case where the fault duration is 40ms. The figures illustrate the effective values of grid voltage, current, and power as well as the voltage sag level during, before, and after the occurrence of fault. Fig.   12 shows the operations and effects of the same items that are tested under unsymmetrical fault at the same conditions in the case of most severe fault occurrence (three-phase fault). From Table 2 and simulation results (Figs. 9-13), it can be concluded that the maximum deviation on current was through the SLG fault followed by LLG fault. Lesser oscillation occurrence after fault was found when the SLG fault was applied. Whereas, more oscillation occurrence was observed after 3-ph fault. In the case of SLG fault, the DC-link voltage was very close to the actual value followed by LL and LLG faults, respectively. Whereas, during the 3-ph fault, the value obtained was very far from its real value. The voltage sage level was maximum during the 3-ph fault where it recorded 85% reading. Whereas, the minimum level was observed when SLG fault was applied, whereby the reading level was 25% as depicted in Fig. 13 . The maximum deviation of voltage, power and system frequency happened during 3-ph fault occurrence. As a result, more disturbance occurred in the PV station operation during the symmetrical fault, while the severity of disturbances caused by unsymmetrical fault reduced in the order of LLG, LL and finally SLG fault in accordance to the Simulink results. 
VI. CONCLUSION
This paper studied and analyzed the dynamics of threephase grid-connected PV array under various fault types. A 'MP' PV plant of 1.5 MW, which is connected to the Malaysian distribution system with TNB specification compatibility was modeled based on the equivalent circuit of the PV module which considers the numbers of series/parallel module installation and connections (array design) including MPPT technique used, in order to ensure that the solar energy is captured and converted as much as possible. The PV array, PV inverter, and PCC of the 'MP' PV plant are perturbed when the fault occurred at the distribution side. The maximum increasing of current was largest in case of SLG fault followed by LLG fault whilst, the maximum deviation of voltage, power, and frequency was at the occurrence of 3-ph fault. The output power of PVPP, which was highest in SLG fault. Whereas, the lowest output power was in 3-ph fault. As a result, the symmetrical fault has a higher impact on the Malaysian PV-connected grid system operation than nonsymmetrical faults. The outcomes of this study show that the PV system output relies on the type of fault.
